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Abstract
The successful development of the root system of plants depends on the favorable conditions of 
soil physical attributes. The objective of this work was to study the spatial variability of physical 
attributes in an Ultisol cultivated with papaya. The soil was prepared mechanically plowing, 
harrowing, sulcal and subsoiler. In the center of the crop field was built a sampling grid with 
points spaced 5.7 m, totalizando129 georeferenced points. The soil samples at two depths (0 
- 0.20 m, 0.20 - 0.40 m) were collected for four months after transplantation, to determine the 
total porosity (TP), soil moisture (Um), soil bulk density (BD) and soil penetration resistance in the 
planting row (PRPR) and in the traffic machines rows (PRRow). The soil penetration resistance in 
the planting row and in the traffic machines row was determined. The BD1 and BD2 showed the 
lowest CV values, and the data were fitted to the exponential and spherical models, respectively, 
with spatial dependence ranges of 20 and 28 m. At the layer of 0-0.20 m depth, the attributes 
showed the same spatial distribution pattern. At the layer of 0-0.20 m depth, the soil penetration 
resistance showed 7.5 times greater in the traffic machines region (rw spacing) than the value 
found in the planting row.
Keywords: geostatistic, soil bulk density, spatial variability
Introduction
Among the activities carried out in the 
cultivation of papaya, in the Coastal Plains soils 
conventional soil tillage is widely applied, inverting 
the soil in the whole area in order to plant the 
seedlings. In the crop management, there is an 
intense traffic of machines in the row spacing, 
as well as during the harvesting. According to 
Pacheco & Cantalice (2011), in this type of soil 
when subjected to excessive pressures and 
under certain soil moisture conditions the physical 
degradation process is favored.
Lima et al. (2012) mention that the Coastal 
Plains soils show low fertility and commonly 
has cohesive horizons, which hinder soil water 
dynamics, and then show low distribution and 
development of the plant root system. 
The reduction of soil pores occurs with the 
traffic of machines due to the pressures applied 
by the wheels and consequently increases 
soil penetration resistance (PR). According to 
Silveira et al. (2010), PR is an adequate attribute 
to characterize the degree of soil compaction 
and makes possible to establish relations with the 
dynamics of growth and development of the root 
system of the plants.
Studies with soil physical attributes 
have shown the presence of continuity or 
spatial dependence, which is related to the 
management adopted and the soil parent 
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material (Souza et al., 2009). Lima et al. (2007) 
state that the knowledge of the spatial variability 
of soil physical and chemical attributes is 
fundamental in order to minimize sampling errors 
and to optimize soil management. According to 
Gomes et al. (2007) and Campos et al. (2012), 
modeling the spatial dependence structure of soil 
attributes and variables related to plants, using 
geostatistics techniques, has been performed to 
understand their distributions in a given area as 
well as correlating them spatially with crop yields.
The characterization of the spatial 
variability of soil attributes associated with other 
decision-making techniques and the farmer's 
experience is important for the refinement of 
agricultural management practices and the 
evaluation of the effects of agriculture on 
environmental quality. Lima et al. (2009) verified 
that the total porosity (TP) and the soil bulk 
density (BD) showed the same pattern of spatial 
distribution in an area under pasture. According 
to Timm et al. (2006), soil moisture can influence 
the soil-plant relationship, water movement, soil 
aeration and root development.
Therefore, it is important that the papaya 
production system is the subject of advanced 
and applicable studies so that the papaya 
fields may be economical, environmentally and 
socially sustainable. The objective of this work was 
to study the spatial variability of soil penetration 
resistance, gravimetric water content, soil 
bulk density and total porosity of a cohesive 
dystrophic Argissolo Vermelho (typical - PAdx) or 
Ultisol (American Classification Soil Taxonomy) in 
the cultivation of papaya (Carica papaya L.).
Materials and Methods
The study was carried out in a papaya 
(Carica papaya L.) commercial field, variety 
Golden THB, Solo group, São Mateus county, in 
the northern of Espírito Santo state.
The climate of the region, according to 
the classification of Köppen, is Aw type, with a 
dry winter and hot and rainy summer. The climatic 
data was based on a historical series of the last 35 
years showing an average annual temperature 
of 25,0ºC, the coldest month of 19,8ºC and the 
hottest month of 29,8ºC, and accumulated 
average annual rainfall of 1,290 mm.
The soil in the area is a typical cohesive 
dystrophic “Argissolo Vermelho” (PAdx) or Ultisol 
(American Classification Soil Taxonomy) of low-
activity clay. The area has a slightly hilly relief, 
a slope of approximately 3.0%, typical of the 
Coastal Plains region at an altitude of 40 m.
The soil granulometric fractions, in kg 
kg-1, at the layer of 0-0.20 m depth showed the 
following values: total sand content = 891.8; silt 
content = 15.6 and clay content = 92.6 and at the 
layer of 0.20 - 0.40 m depth total sand content = 
873.6; Silt content = 16.7 and clay content = 109.7.
The study area was fallow and occupied 
with typical "dirty field" vegetation (Capoeira) for 
a period of six years. The soil tillage in the area 
was carried out at 40 days before planting the 
seedlings, the Capoeira vegetation was removed 
by a rotary cutter, afterward, the vegetable 
wastes were piled and burned. In the soil tillage, a 
ballast tractor was used coupled to a fixed 3-disc 
26" plow mounted, performing the operation at 
the layer of 0-20 m depth. Soil harrowing, with 
two passes, was performed with a disk harrow 
with four bodies (in tandem) and 24 discs with 
20", working at a depth of approximately 0.15 m.
Mechanized furrow operation was 
performed at 0.20 m depth, according to the 
spacing used: 3.3 x 2.0 x 1.90, in double rows 
(1986 ha-1). After fertilization, a tubular chassis 
plow levee was used inside the furrows at 0.50 
cm depth in order to homogenize the fertilization 
as well as to break the compacted sub surface 
layers of the soil, and then, planting the seedlings.
A regular grid with 129 sample points, 
110x114 m, was designed at the center of the 
crop field with adjacent points spaced at 5.7 m, 
10.6 m and 21.2 m, totaling 129 georeferenced 
points (Figure 1). 
Undisturbed soil samples were collected 
at the 129 sampling points, in the canopy region 
of papaya plants using an auger. Samples were 
collected in the direction of the planting row 
at two 0.20-m equidistant points, at the layer 
of 0-0,20 m (1) and 0,20-0,40 m (2) depth, four 
months after planting (identification of sex). 
The samples were placed in plastic 
bags and homogenized. A soil subsample was 
collected per point and sealed in a proper 
container. Soil gravimetric water content (U) and 
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soil bulk density (BD) were determined by the 
test-tube method (Embrapa, 2011). Total porosity 
(TP) was estimated by the following equation: TP 
(m3 m-3) = [(PD-BD) / PD], where PD is soil particle 
density.
Soil penetration resistance (PR) 
was measured and recorded using a field 
penetrometer equipped with a conical tip in a 
Figure 1.  Sample grid design. 
vertex angle of 30.0º, allowing data acquisition 
every 1.0 mm until 0.40 m depth. A sampling point 
reading was performed in the canopy region on 
the planting row (PRPR) at 0,20 m from the plant 
stem, at the same time when the soil sampling 
was collected. Therefore, the measurement of 
PRPR was performed in the rhizosphere region. 
It was also performed the measurement 
of the PR in the rows of the machines traffic 
(Row spacing - PRRow), perpendicularly to the 
measurement performed in the planting row, 
according to the methodology used by Lima 
et al. (2008). The PRRow was analyzed in order 
to study the additional incremental in the soil 
resistance provided by the traffic of machines 
in the orchard row spacing. The average values 
of PR were obtained at the layers of 0-0.20 and 
0.20-0.40 m depth, for the planting row condition 
(PRPR) and the traffic of machines condition 
(RPRow). 
Soil penetration resistence was classified 
as established by Arshad et al. (1996): a) extremely 
low: PR <0.01 MPa; B) very low: 0.01 ≤ PR <0.1 
MPa; C) low: 0.1 ≤ PR <1.0 MPa; D) moderate: 1.0 
≤ PR <2.0 MPa; E) high: 2.0 ≤ PR <4.0 MPa; F) very 
high: 4.0 ≤ PR <8.0 MPa; and g) extremely high: 
PR> 8.0 MPa.
In the exploratory analysis of the data 
and in the outliers study boxplot was used, which 
considers the interquartile relationship. Once 
identified, they were removed in the data set, 
being: 2 in the BD2, 3 in the UPR1, 4 in the UPR2, 6 
in the URow1 and the URow2. After this procedure, 
descriptive statistical analyses were performed 
to define position and dispersion measurements, 
as well as the Kolmogorov-Smirnov (KS) normality 
test (p <0.05). Pearson's correlation analysis was 
performed (p <0.05), adopting the classification 
proposed by Kitamura et al. (2007).
Geostatistical analysis was used to verify 
and quantify the degree of spatial dependence 
of the attributes at the two layers, which was 
performed fitting theoretical functions to the 
experimental semivariogram models, based on 
the assumption of intrinsic stationarity according 
to equation 1.
where: N(h) = is the number of experimental 
paired of observations Z(xi), Z(xi+h), separated by 
a lag h.
The trend analysis was performed with the 
x and y axes for all attributes, as described in Lima 
et al. (2010), however, significant correlations 
were not observed.
The semivariogram parameters which 
are nugget effect (C0), sill (C0 + C) and the spatial 
dependence range (a) were determined for all 
studied variables. Cross-validation results were 
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used to determine the best model, observing the 
correlation between the predicted value and 
the measured values at each sampling point. 
In order to determine the spatial dependence 
degree (SDD), the following equation was used 
[C0/(C0+C1)]*100 according to the criteria 
established by Cambardella et al. (1994) which 
considers the strong spatial dependence 
semivariograms having nugget effect equal to 
25% of the sill; moderate spatial dependence 
when the nugget effect is between 25 and 75% 
and low spatial dependence when the nugget 
effect is greater than 75%.
The semivariograms were standardized 
by the data variance to make easy the 
interpretation of the attributes in the different 
conditions, as well as to observe the presence 
of the same spatial variability pattern since the 
semivariograms show values on a standardized 
scale.
When the spatial dependence of the 
attributes was confirmed and the theoretical 
semivariograms defined, ordinary kriging 
interpolation was performed to estimate values 
at unmeasured locations in order to construct 
thematic maps for each attribute.
Table 1. Descriptive analysis of soil bulk density (BD), total porosity (TP), soil water gravimetric content (U) and soil 
penetration resistance (PR)
Attribute N mean Md S Min. Max. CV Q1 Q3 Ca IR/TR(%) Ck ND
BD1(kg dm-3) 129 1,5 1,5 0,07 1,3 1,6 4,6 1,4 1,5 -0,17 33,3 -0,11 ns
BD2(kg dm-3) 127 1,4 1,5 0,1 1,3 1,5 3,6 1,4 1,5 -0,17 50,0 -0,43 ns
PRPR 1(MPa) 129 0,2 0,2 0,2 0,0 0,9 72,4 0,1 0,3 1,74 22,2 3,24 *
PRPR 2(MPa) 129 1,0 0,9 0,7 0,1 3,1 66,8 0,5 1,5 0,47 33,3 -0,50 ns
UPR1(%) 126 7,4 7,4 1,5 3,8 11,1 19,8 6,5 8,2 0,08 23,3 0,13 ns
UPR2(%) 125 6,9 6,5 1,8 3,3 11,8 25,8 5,8 7,7 4,50 22,4 0,81 *
PRRow1(MPa) 129 1,5 1,5 0,2 0,9 2,1 15,1 1,3 1,6 0,52 25,0 0,39 ns
PRRow 2(MPa) 129 2,0 2,0 0,4 0,6 3,0 20,0 1,8 2,3 -0,32 20,8 1,23 ns
URow1(%) 123 8,3 7,6 2,3 4,1 17,5 27,4 7,0 8,7 1,95 12,7 5,10 *
URow2(%) 123 7,8 7,5 1,7 3,0 13,0 22,0 6,7 9,1 0,42 24,0 0,69 ns
TP1 (m3 m-3) 129 0,50 50,9 3,7 38,5 58,3 7,4 47,7 52,8 -0,61 25,8 0,25 ns
TP2 (m3 m-3) 129 0,50 50,4 3,0 42,7 58,4 6,0 47,6 52,0 0,0 28,0 -0,26 ns
1: layer of 0-0,20 m depth; 2: layer of 0,20-0,40 m depth; BD: bulk density; PRPR: penetration resistance at the planting row; ULP: soil moisture at the planting row; PRRow: 
penetration resistance in the traffic of machines (at the row spacing); URow: soil moisture at the row spacing; TP: total porosity; n: number of sampling points after outliers 
removing; Md: median; S: standard deviation; Min.: minimum value; Max: maximum value; RI/TR: ratio between interquartile range (IR) and total range (TR); CV: coefficient of 
variation; Ca; Coefficient of asymmetry; Ck: coefficient of Kurtosis; ND: normal distribution; ns: non-significant at 5% by the Kolmogorov-Smirnov (KS) test, thus, data normally 
distributed; and *: non-normal distribution. 
Results and Discussion
Measures of central tendency such as 
the mean and median of all attributes at the 
layers of 0-0.20 m (1) and 0.20-0.40 m (2) depth 
are shown in Table 1.
The attributes that showed Ca and Ck 
values close to zero, the data normal distribution 
was confirmed by the KS test (p <0.05), moreover 
the mean and median (Md) values showed similar 
values. In the geostatistical analysis, it is desirable 
that the data distribution does not have very long 
tails, which was eliminated in this present study 
removing outliers (Isaaks & Srivastava, 1989)
Positive asymmetry (Ca) was found in 
67.7% of the attributes, showing the mean value 
greater or equal to the median value, indicating 
a concentration of data with values greater than 
the mean value. Positive kurtosis coefficient (Ck) 
was found in 67.7% of the data (leptokurtic), with 
the data concentrated around the mean.
Based on the CV values according to 
the classification proposed by Warrick & Nielsen 
(1980), BD12 and TP12 (layer 1 and 2) showed 
low variability (CV < 12.0%); UPR12, PRRow12 and 
URow12 showed moderate variability (12.0% ≤ CV 
≤ 60.0%), and PRPR12 showed high variability. CV 
values lower than 12.0% for BD1 and TP1 were found 
by Lima et al. (2007) in a “Latossolo Vermelho 
Amarelo” (Oxisol) cultivated with black pepper 
in northern Espírito Santo state and by Lima et al. 
(2009) in an “Argissolo” (Ultisol) cultivated with 
pasture and regenerating natural vegetation, 
in the south of Espírito Santo state. Lima et al. 
(2008) stated that the CV values for PR decreases 
as increasing soil compaction, as confirmed for 
the PR on the traffic of machines region (row 
spacing). Dalchiavon et al. (2011) found for the 
RP values in Cerrado (Brazilian native vegetation) 
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soil, “Latossolo Vermelho Distroférrico” (Oxisol), 
CV values of 38.0% and 22.0%, respectively, for 
the layer of 0-0.10 m and 0.10-0.20 m depth.
The variable BD2 showed IR value = 0.10 
and TR value = 0.20, thus the ratio was 50.0%, 
indicating a large concentration of the values 
around the mean. This result demonstrated that 
the effect of extreme values was not evident, 
which led to the lowest CV among the studied 
attributes.
The mechanized operations in the area 
and the higher soil moisture (U) provided lower PR 
values at the layer of 0-0.20 m depth (0.20 MPa) 
than at the layer of 0.20-0.40 m depth (1.0 MPa ). 
This fact occurs also due to the textural gradient 
found in “Argissolos” (Ultisol).
The PR at the layer of 0-0.20 m depth was 
classified as low (0.1 ≤ PR <1.0) whereas at the 
layer of 0.20-0.40 m was moderate (1.0 ≤ PR <2.0). 
According to Arshad et al. (1996), the average 
PR values found at the two soil layers, in the 
planting row is not indicating a restriction to the 
penetration limiting to the papaya root growth, 
since the restrictive value is higher than 2.0 MPa. 
However, Andrade et al. (2013) stated that 
penetration resistance in Cerrado soils showing 
values equal to or greater than 1.90 MPa can be 
considered as a compacted soil indicator when 
soil moisture is within the range of 6.2 to 9.6%.
The soil bulk density (BD) and total 
porosity (TP) at the two layers in the planting 
row were 1.50 and 1.40 kg dm-3 and 0.50 m3 m-3, 
respectively. The BD and TP mean values are 
close to 1.45 kg dm-3 and 0.45 m3 m-3, respectively, 
as found by Lima et al. (2007) in a “Latossolo 
Vermelho Amarelo Distrófico” (Oxisol) with 638.5 
g kg-1 of coarse sand (CS) (0-0.20 m) cultivated 
with black pepper in northern Espírito Santo state. 
Pires et al (2011) state that BD can be used as an 
indicator of the degree of soil compaction since 
it is a porous material and by compression, the 
same mass can occupy a smaller volume.
PR and soil moistere (U) were the only 
attributes performed in the tire traffic row, PRRow 
and URow, respectively, to identify and compare 
the effect of the machine traffic to the papaya 
root development region (planting row). It was 
verified higher mean value for PRRow2 (0.20-0.40 
m depth). This result is due to the soil preparation 
occurred only in the topsoil and due to the 
intrinsic characteristics of this soil, since the soil 
moisture (U) showed similar values between the 
layers. The PRRow1 at the layer of 0-0.20 m depth 
(1.5 MPa) was classified as moderate (1.0 ≤ PR 
<2.0)  whereas the PRRow2 at the layer of 0.20-040 
m depth (2.0 MPa) as high (2.0 ≤ PR <4.0).
Thus, it is identified that the compacting 
process in the machine traffic region, the RPRow1 
was seven and a half times higher at the layer of 
0-0.20 m depth compared to PRPR1. While at the 
layer of 0,20-0,40 m depth in the machine traffic 
region (PRRow), the RP was twice higher than in 
the planting row (PRPR).
Silveira et al. (2010) studying the PR in 
relation to the soil moisture (U) of an “Argissolo 
Amarelo distrocoeso” (Ultisol) in northeastern 
Bahia state, verified that the U changes the 
cohesion between the soil particles. Thus, when 
the soil shows low soil moisture, its particles are 
closer and shows higher PR for any applied 
external force. Lima et al. (2005) evaluating the 
physical attributes of an “Argissolo Acizentado 
distrófico arênico coeso” (Ultisol), typical in the 
Coastal Plains, in Ceará state, observed BD of 
1.75 kg dm-3 and considered this to be the main 
cause of natural occurrence of the cohesive Bt 
horizon, showing low TP values and PR of 3.0 MPa. 
The authors reaffirmed the positive correlation of 
the cohesion phenomenon with the fine fractions 
of the soil (silt and clay).
Kitamura et al. (2007) correlation 
classification was adopted for the Pearson 
correlation analysis (p <0.05). The correlations 
found were: high (0,6 ≤ r <0,8) for TP1xBD1 (r = 
-0,71) and UPR2xURow2 (r = 0,68); moderate (0,4 
≤ r < 0,6) for BD2xUPR2 (r = -0,42), BD1xURow1 (r = 
-0,44), BD2xURow2 (r = -0,43 ), BD2xTP2 (r = -0,40) 
and URow2xPRRow2 (r = 0,40); low (0,2 ≤ r < 0,4) 
for BD1xUPR1 (r = -0,30), PRPR1xPRRow1 (r = 0,32), 
BD2xPRPR2 (r = -0,30) and UPR1xURow1 (r = 0,29). 
The negative correlation between BD 
and TP is expected since higher BD values imply 
in lower TP values and vice versa, as found by 
Wendling et al. (2012), in a “Latossolo Vermelho-
Amarelo distrófico” (Oxisol) under no-tillage 
system. Pacheco & Cantalice (2010) state that 
the PR values become higher as decreasing 
soil moisture (U). This happens because water 
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acts in two ways on the PR and to the studied: 
it decreases the cohesion between the solid 
particles, and forms water films over the soil 
particles, reducing the friction between them. 
Studying an “Argissolo-Amarelo” (Ultisol) in the 
Coastal Plains of Alagoas state, Magalhães et al. 
(2009) reported that the dynamics of PR and BD, 
when determined in soil under machine traffic in 
sugarcane harvesting, is higher when compared 
to soil under pasture, as well as there is a reduction 
in total porosity (TP). 
Torres et al. (2012) in a “Latossolo 
Vermelho distrófico” (Oxisol) with 770 g kg-1 of 
sand content, under non-irrigated pasture, found 
positive correlations between bulk density and 
soil moisture. Negative correlations between PR 
(4.46 MPa) and DS (1.48 kg dm-3) and U (11%) in 
the topsoil (0-0.10 m) were observed. 
The negative correlation between BD2 
and URP2 at the planting row (BD ranging from 
1.30 to 1.60 kg dm-3) indicates that lower soil 
moisture leads to higher bulk density and vice 
versa. Intrinsic characteristics of the soil, such as 
cohesive character, led to increasing the PRRow2 
as increase soil moisture in the layer of 0,20-0,40 
m depth. However, it is observed that the soil 
moisture showed low values ranging from 3 to 
13%.
The parameters of the semivariograms 
standardized by the data variance fitted to the 
soil physical attributes at the layer of 0-0.20 m and 
0.20-0.40 m were shown in Table 2. 
Table 2. Parameters and models of the standardized semivariograms of the soil physical attributes.
Attributes model C0 C0+C a(m) R2(%) SDD (%) r-cv
BD1(kg dm-3) EXP 0,10 0,96 20 93 13 0,46
BD2(kg dm-3) SPH 0,14 0,90 28 96 11 0,58
PRPR 1(MPa) EXP 0,06 0,95 20 71 3,0 0,48
PRPR 2(MPa) EXP 0,26 1.00 20 83 25 0,40
UPR1(%) EXP 0,01 0,97 20 93 10 0,34
UPR2(%) PNE - - - - - -
PRRow1(MPa) EXP 0,25 0,90 18 80 28 0,40
PRRow 2(MPa) EXP 0,11 1,05 20 78 10 0,38
URow1(%) EXP 0,05 0,99 20 70 4,0 0,40
URow2(%) PNE - - - - - -
TP1 (m3 m-3) EXP 0,41 1,07 20 72 40 0,39
TP2 (m3 m-3) PNE - - - - - -
1: layer of 0-0,20 m depth; 2: layer of 0,20-0,40 m depth; SPH: Spherical model; EXP: Exponential model; PNE: 
Pure Nugget Effect; r-cv: Coefficient of correlation between measured value and estimated value by the 
cross-validation. Co: nugget effect; Co+C: sill; a: range of spatial dependence; R2: Coefficient of multiple determination; and SDD: Spatial dependence degree.
The chosen models showed R2 higher 
than 70.0%, that is, most of the variability in the 
estimated semivariance values is explained 
by the models. The correlation between the 
measured values and estimated values by the 
cross-validation showed significant correlation 
coefficients (r-cv) (p <0.05).
The UPR2, URow12 and TP2 attributes 
showed a pure nugget effect (PNE), which 
indicates non-spatial dependence, that is, the 
samples are independent for distances greater 
than the lowest sample grid distance (5.7 m). In 
these cases, the data show a random distribution 
and using the mean it is a possible estimate of 
the attribute and the classic statistic explains the 
variations in the area.
For the other attributes, the 
semivariograms showed well-defined sills. Thus, 
the intrinsic hypothesis, which is a minimum 
requirement for geostatistical analysis, was met. 
The spherical model was fitted to BD2 data and 
the exponential model to the other attributes. 
These models are the ones that best fit soil 
attributes.
The nugget effect (C0) represents 
unexplained or random variance, often caused 
by measurement errors or attribute variations that 
cannot be detected on the sampling scale. The 
PRRow1 and TP1 at the layer of 0-0.20 m depth 
showed the highest C0 values, whereas the lowest 
ones were for the PRPR1 and PRPR2.
C0 is important for Kriging interpolation 
since the lower its value the greater the 
continuity of the phenomenon and the smaller 
the variance of the estimate. The lower the 
proportion of C0 in relation to the semivariogram 
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sill, the greater the spatial dependence of 
the attribute (Cambardella et al. 1994). The 
spatial dependence degree (SDD) was strong 
for all attributes (SDD ≤ 25.0%), except for 
PRRow1 and TP1, which showed moderate 
spatial dependence (25% <SDD ≤ 75.0%). This 
fact indicates the spatial relationships existing 
between the values measured in the study area, 
showing the contribution of the spatial variance 
in the total data variance. The presence of spatial 
dependence in a soil is related to the intrinsic 
characteristics (texture and mineralogy) and 
extrinsic (adopted agricultural management).
The semivariograms standardized by the 
data variance are shown in Figures 2, 3, and 4.
It was observed (Figure 2) the fitting of 
the experimental semivariograms for the soil 
physical attributes at the layer of 0-0.20 m depth 
in the papaya planting row. The exponential 
fitted model showed the same distribution 
pattern indicating spatial correlation with 
spatial dependence ranges of 20 m. The tillage 
adopted in the area, at 0.20 m depth, provided 
homogenization of the soil physical attributes 
until the moment of the sexing of the papaya.
In Figure 3, at the layer of 0.20-0.40 
m depth, the UPR2 and TP2 showed no spatial 
dependence for the sampling grid constructed 
with the shortest distance between the sampling 
points (5.7 m). The BD2 values fitted to the 
spherical model showed a range of 28 m and 
the RPLP2 values fitted to the exponential model 
showed a range of 20 m.
In Figure 4, non-spatial dependence 
for URow2 was observed. Spatial correlation 
between PRRow12 and URpw1 was found, as 
shown by the distribution of semivariance as a 
function of the vectors h (sampling distance), 
with the same model and close ranges. In the 
machine traffic region (row spacing), the effect 
of wheel pressure on soil propagates similarly at 
the two soil layers studied.
Figure 2. Standardized semivariograms of soil physical attributes 
at the layer of 0-0.20 m depth in the planting row.
Figure 3. Standardized semivariograms of soil physical 
attributes at the layer of 0.20-0.40 m depth in the planting 
row.
Figure 4. Standardized semivariograms of soil physical 
attributes at the machine traffic region (row spacing).
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From the fitted semivariograms models, 
the interpolation was performed by the Ordinary 
Kriging method to determine values at non-
sampled sites and the construction of thematic 
maps (Figures 5, 6, and 7).
An inversely proportional spatial 
distribution between BD1 and TP1 at the layer of 
0-0.20 m depth (Figure 5) was found, confirmed 
by the r value (-71 %). Lima et al. (2009) verified 
that TP and BD values showed the same spatial 
distribution pattern in an “Argissolo Amarelo” 
(Ultisol) under pasture.
Figure 5. Spatial distribution maps of soil physical attributes at the layer of 0-0.20 m depth: TP1 
(m3 m-3) and BD1 (kg dm-3).
Figure 6. Spatial distribution maps of soil physical attributes at the layer of 0-0.20 m depth:  PRPR1, PRRow1 (MPa) and UPR1.
Figure 7. Spatial distribution maps of soil physical attributes at the layer of 0.20-0.40 m depth: BD2 (kg dm-3); e PRPR2 e  PRRow2 (MPa).
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The maps of the attributes PRPR1, PRRow1 
and UPR1 are shown in Figure 6. The highest UPR1 
values, to the left of the map, coincide with the 
lowest PRPR1 values, demonstrating the effect of 
reducing the soil hardness provided by the water 
properties, as verified by Almeida et al. 2008 and 
Benedetti et al. (2010). Iore et al. (2012) state that 
the increase of the soil moisture decreases the 
cohesive forces between the soil particles and 
the internal friction, causing, then, the decrease 
in soil penetration resistance.
It was observed in the planting row of 
the papaya at the layer of 0-0.20 m depth that 
PR ranged from 0 to 0.9 MPa (Figure 6), being 
classified as low compaction, according to Arshad 
et al. (1996). On the other hand, in the machine 
traffic row (row spacing), the PR values varies 
from 0.1 to 0.9 MPa (black color), approximately, 
in the middle of the area, while the other half 
showed values greater than 0.9 MPa, and the soil 
compaction classification varied from moderate 
to high, according to Arshad et al. (1996). In the 
two maps, the greatest PRPR values are located 
on the right side. The machines traffic in the row 
spacing caused a considerable increase of this 
attribute in the same region as shown in the 
PRRow map, in light gray color, that is, regions 
with a tendency to greater compaction. This 
result is related to the intrinsic soil characteristics 
such as mineralogy and texture.
Silva et al. (1994) proposed the value of 
2.0 MPa as a critical limit for the root growth of the 
main crops, which in this case, both in the planting 
row and in the row spacing the values found for 
PRs, did not compromise the development of the 
root system until the time of plant sexing.
In the subsurface layer (0.20-0.40 m) 
(Figure 7) the BD2 map shows a large part of the 
area with values greater than 1.4 kg dm-3 and the 
PRPR2 with values lower than 2.0 MPa, reinforcing 
the linear correlation (-0.30) found.
Melo Filho et al. (2006) found BD values 
varying from 1.44 to 1.73 kg dm-3 in the profile 
of a cohesive “Latossolo Amarelo” (Oxisol) at 
a depth greater than 0.40 m, with increasing 
values in layers rich in sand content and that, 
consequently, higher PR values.
The PRRow2 values increased in relation 
to PRPR2, showing variation between 2.0 and 2.8 
MPa in most of the area (light gray), classified 
as high by the criteria defined by Arshad et al. 
(1996).
The difference in PR values between the 
planting row and the machine traffic regions is 
justified by the subsoiling only in the planting row 
(PR) and the occurrence of traffic in the row 
spacing.
Conclusions
The management and the cohesive 
character of the soil influenced the values found 
for the attributes studied at the layers of 0-0.20 
and 0.20-0.40 m depth.
The mechanical soil tillage adopted in 
the area and the traffic of machines used in the 
papaya management provided soil penetration 
resistance values five times greater in the row 
planting at the layer of 0,20-0,40 m depth than at 
the layer of 0-0.20 m depth.
The soil penetration resistance in the 
traffic of machines region (row spacing) showed 
an increase of 7.5 times greater than the value 
obtained in the planting row at the layer of 0-0,20 
m depth.
The soil bulk density at the two layers 
showed the same pattern of spatial distribution, 
with the same model and similar ranges; and 
the soil moisture at the layer of 0-0.20 m depth 
showed great spatial continuity.
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